This Resource Letter examines the evolution, roles, and content of courses in electronics in the undergraduate physics curriculum, and provides a guide to resources for faculty teaching such courses. It concludes with a brief section addressing problems of electromagnetic interference in electronic systems, and provides an introduction to the literature and practice of electromagnetic compatibility. I have included textbooks, reference books, articles, collections of laboratory experiments and projects, sources of equipment and parts, software packages, videos, and websites.
There are several important differences between electronics courses for future scientists and those that undergird the electrical engineering curriculum. Most of the former are taught by physicists, or through physics departments. Students are drawn from physics, chemistry, astronomy, computer science, and to a lesser extent, from biology, geology, psychology, and sometimes from the arts and communications areas. With few exceptions, these students are not going to be designing elaborate circuits or carrying out sophisticated circuit analysis. The course objectives, required textbooks, and laboratory experiences reflect these differences. Some pre-engineering students at four-year colleges use physics-based electronics courses to fulfill requirements in mechanical, civil, and other non-EE university engineering programs. Other students find such courses sufficient to replace introductory circuits courses leading to electrical engineering degrees, both bachelors and masters.
Students who have taken electronics courses offered by physics departments will often later be using electronic equipment and instrumentation in a variety of experimental areas. These former students may be called upon to modify or combine the pieces in standard and creative ways. They should be able to read schematic diagrams and know the functions and limitations of the individual and interconnected components and systems. They should understand the fundamentals of circuit operation and analysis. They will need to be comfortable with basic electronic test equipment, and to learn quickly more sophisticated laboratory instrumentation. However, they will not be designing their own stereo preamplifiers or reinventing the digital computer. Those who go on in experimental physics and engineering will encounter many overlapping generations of electronic equipment, not only in their graduate educations, but also in their working lives. The research and field environments in which they work will be increasingly noisy in the electromagnetic sense, while the experiments and devices will often become increasingly sensitive and susceptible to such interference. Their specific education in electromagnetic compatibility ͑EMC͒ will be relatively limited, but they will find that the fundamentals are readily approached from the physics perspective.
Local and distant technical support for most electronics equipment is becoming minimal or nonexistent. Our students will be faced with the need to isolate malfunctions, adapt transducers, modify interfaces, and solve interference problems. ͑They also may have to dig into undocumented software written in languages they could not possibly have come into contact with in formal courses, but that is another problem.͒ However, their problem-solving skills, honed in studying physics and working in laboratories, will augment their formal course work in electronics and instrumentation. We know the potency of this combination by numerous testimonials from our graduates.
The classroom and laboratory content of physics electronics courses at the introductory and intermediate levels usually includes some coverage of the following topics:
͑a͒ DC circuits ͑Ohms law, Kirchhoff rules, networks, power transfer, equivalent circuits, Thevenin's and Norton's theorems, ideal voltage and current sources͒. ͑b͒ Transient and ac circuits ͑root-mean-square values for periodic signals, R -L -C in transient circuits, reactance, impedance, R -L -C in sine source circuits, resonance, ''Q,'' simple passive filters, integration and differentiation in RC circuits͒. ͑c͒ Test equipment and measurement ͑meters, oscilloscopes, signal generators, data acquisition, LabVIEW or other software, cabling, decibels, transducers, lab issues͒. ͑d͒ Diodes, p -n junctions, and power supplies ͑p -n junction physics, ideal and real diodes, zener diodes, rectification, clipping, clamping, power supply filtering, regulation, and programming͒. ͑e͒ Transistors ͑bipolar, npn, pnp, modeling, characteristics in circuits, switch applications, current and voltage amplification, common-emitter amplifier, emitter-follower, field-effect transistors, CMOS͒. ͑f͒ Operational amplifiers ͑idealized model, negative feedback, inverting and noninverting amplifier circuits, summing amps, difference amps, integrators, differentiators, various applications circuits, departures from ideal model, positive feedback and oscillation͒. ͑g͒ Digital logic and circuits ͑digital logic elements, AND, NAND, OR, NOR, XOR, Boolean algebra, combinations of gates, Karnaugh maps, integrated circuit implementations, logic families and characteristics, applications͒. ͑h͒ Sequential digital circuits ͑flip-flops, counters, registers, displays, codes and representations, error correction, multiplexing, and demultiplexing͒. ͑i͒ Data acquisition and conversion ͑waveshaping, comparators, Schmitt triggers, one-shots, timers, digital-toanalog conversion, analog-to-digital conversion, sampling, microcomputer interfacing, LabVIEW software and compatible hardware, microcomputer architecture͒. ͑j͒ Noise and interference ͑intrinsic noise, thermal noise, 1/f noise, shot noise, extrinsic noise, emission and susceptibility, conducted and radiated noise, shielding, grounding, filtering͒. ͑k͒ Advanced techniques and topics ͑lock-in amplifiers, digital signal processing, active filters, communications protocols, phase-locked loops, rf circuits, modulation schemes, optoelectronics͒.
But all is not entirely well in this part of the curriculum. The consensus about the role and content of electronics courses, borne of direct experience, and codified in a relative handful of texts, has become thin or disappeared in many departments. The causes are many, but a realistic reappraisal of the undergraduate curriculum requires that we identify those that are most significant.
While electronic and computer-based consumer products and commercial instrumentation are now everywhere, users can get along without having any idea of how something electronic works. This always has been true to a considerable extent for consumer electronics, but the generalization is now almost universal. Virtually nothing is ''user serviceable,'' and much equipment is not economically serviceable by anyone, including the factory. In the laboratory setting, data-acquisition hardware, interfaced with personal computers, and running software such as LabVIEW have transformed tasks that formerly required more direct awareness of electrical measurements and electronics. It is a rare oscilloscope, meter, or function generator of less than a decade in age that does not harbor a microprocessor or programmable integrated circuit controller within its plastic case. In elec-tronics engineering and technology courses themselves, the advent of sophisticated analog and digital circuit-simulation software, such as PSpice, has put designer tools into the hands of the apprentice and master alike. Taken to extremes, this technology can turn much of the connected learning and conceptual development into a series of mouse clicks.
The ''less-is-more'' trend in introductory physics sequences has frequently sacrificed coverage of ac circuits, or circuits, period. This has then required that intermediate courses begin at a lower level, and for smaller numbers of students still in the cohort. Faculty debate the question of how much, if any, coverage of discrete components ͑i.e., transistors͒ should be included. This could be logically extended to such standard digital topics as gates, flip-flops, counters, and the other stepping stones to a modern pc.
The coverage of experiment control and data acquisition methods, beyond the introduction students already receive in their early physics labs, is sometimes included in electronics courses. Succeeding courses in experimental methods, advanced laboratory, and similar offerings at the upper level typically require that students develop expertise with a variety of interfaces, and with programs written in dialects of BASIC, or, more commonly, LabVIEW. The dividing line between these latter types of courses and more traditional electronics courses is becoming increasingly blurred, and differences arise over the relative importance and sequencing of topics. In addition, the perpetual need to invest in quickly obsolete computer hardware and software can put severe strains on departmental budgets, at a time when such tools are essential, but no longer innovative, nor inherently grantworthy.
Except in electrical engineering degree programs, and in those physics departments that base their offerings on preparing students for them, circuits and electronics courses have been increasingly cut back, and taught by a decreasing pool of interested and experienced faculty. The senior faculty bring perspectives ͑or biases͒ borne of seeing the tools and the needs they meet go through a near-complete transition every decade, or less. New instructors, whose contact with and need for electronics understanding in their own research careers and hobbies may be quite limited, often see little relevance to whole chapters of the remaining texts. Indeed, the academic preparation, practical background, and interest necessary for teaching introductory electronics and instrumentation courses is now increasingly hard to find among recent Ph.D.s, even experimentalists. Some physics departments hire faculty with EE backgrounds, just as engineering schools hire physicists.
Unlike the situation for the core areas of undergraduate physics, where there are clearly two or more excellent and sufficiently up-to-date textbooks at both the introductory and advanced levels, there is considerable sentiment by those teaching electronics and instrumentation courses that this is not the case for these courses. Relatively few new texts or revised editions of older ones have appeared in the past dozen years. The average age of the in-print textbooks is approximately a decade, and one excellent and comprehensive text, Simpson's Introductory Electronics for Scientists and Engineers ͑Second Edition, 1987͒, is only available as a printed-on-demand paperback. A significant number of the authors of the more often adopted texts of the last two decades are either no longer involved in the teaching of the subject, or they are deceased. Inquiries to the publishers of introductory electronics textbooks have uncovered few with plans for revised editions or new books. In defense of authors and publishers, one should note that the entire market for physics electronics books is small, involving a few thousand students per year in the U.S. The high price of textbooks and the long time between revisions encourages a market for used books, although physics majors typically hold onto their books as reference texts.
This concludes what I hope is a reasonably objective assessment of the role and relevance of electronics courses in the physics curriculum. This assessment supports the conclusion that students with a variety of educational and career objectives should acquire an understanding of these fruits of science and technology. There are many excellent resources available to faculty who are or will be teaching electronics courses, although few instructors will be comfortable relying on a single textbook. This Resource Letter is built around a representative collection, with a primary focus on those created since 1985. The assignment of level designations ͑E, I, A͒ is often somewhat subjective, and of limited usefulness for some of the resources. Publications and products aimed at engineering, vocational, and technical courses and audiences are cited to a limited extent, and in those categories for which the distinctions are less significant. The order in which the resources are listed is subjective, with those of potentially greater scope and usefulness cited earlier. 
III. SUPPLEMENTARY TEXTS AND REFERENCE BOOKS

A. Electrical engineering texts
The curriculum for electrical engineers is undergoing significant changes, both in what is taught in these university departments, and in what is expected from the physics and mathematics courses that serve these audiences. Courses in circuits and electronics are no exception. Textbooks written for electrical engineering courses in circuits and electronics generally offer greater depth and topical coverage, with an overriding design emphasis. However, for any given topic, particularly at the introductory and fundamentals level, there can be a remarkable similarity in exposition between texts aimed at the different audiences. Physicists teaching circuits and electronics courses can benefit from these textbooks as references, and some of the more popular titles are listed below. Caution should be exercised in assuming the convention for current flow used in a given book, since some authors use conventional current and others electron current. Indeed, at least two popular texts ͑those by Floyd and Paynter͒ are published in separate editions for both conventions. 
Fundamentals of Electric
B. Advanced topics in electronics
Below are some texts covering solid-state devices, optoelectronics, LabVIEW, and more specialized topics that faculty may wish to cover in advanced courses.
23. Optimizing Op Amp Performance, J. G. Graeme and J. E. Graeme ͑McGraw-Hill, New York, 1997͒. As the title suggests, this designoriented book aids the nonrookie user of op-amp circuits in adjusting circuit and layout variables to achieve optimal performance in such areas as stability, noise, distortion, and the like. Not overly theoretical, but still quite technical. ͑A͒ 24. Microelectronic Circuit Design, R. C. Jaeger ͑McGraw-Hill, New York, 1997͒. This is a text for a comprehensive two-or three-semester analog and digital circuit design course. SPICE 
V. LABORATORY EXPERIMENTS, MANUALS, AND PROJECTS
The lecture-laboratory combination for electronics remains popular where courses are offered in physics departments. However, perhaps more the case here than in other parts of the physics curriculum, commercially available laboratory manuals and experiment collections represent only a small fraction of materials followed by students and required by instructors. Locally produced laboratory manuals, with experiments drawn from a variety of sources, are the norm. Topical articles in academic journals and leisure or hobby magazines, including those cited above, are useful sources of both exercises and inspiration. I offer below additional examples at different levels, as well as a number of laboratory manuals and references that include experiments.
The project component of the electronics laboratory or junior-senior laboratory course can be an enriching capstone experience. Student enthusiasm to build challenging, dramatic, and sometimes ''Rube Goldberg'' contraptions is typically high, but runs headlong into the usual constraints imposed by limited equipment, course time, and practicality. Physics experimentalists with ongoing research may have a ready source of smaller tasks that work well as projects. The modification of published experiments, or the enhancement and testing of a commercial piece of electronic equipment or kit can also contribute to the pool of project ideas. As is true of project work in any course, feasibility, faculty support, and fallback plans are all-important elements. 
A. Laboratory experiments for introductory courses
Introductory Electronic Devices and Circuits
"LAB MANUAL…, Fifth Edition, R. T. Paynter, S. C. Harsany, and H. M. Smith ͑Prentice-Hall, Englewood Cliffs, NJ, 2000͒. Available in two versions, to match the current convention of the related texts.
VI. SOURCES OF EQUIPMENT AND PARTS
I include manufacturers and suppliers of electronic test equipment, components, and other supplies used in teaching circuits and electronics. Many firms operate globally, and increasingly offer e-commerce options in addition to their often indispensable printed catalogs. Sales representatives of larger firms may be found in most regions of the United States, and educational discounts may sometimes be negotiated. Lab instructors, particularly those on tight budgets, should not overlook local electronics distributors and surplus shops. Ebay often carriers used equipment of value. 
VII. INSTRUCTIONAL AND DESIGN SOFTWARE
The use of commercial software for simulation and design of electronic circuits, devices, PC boards, integrated circuits, and systems is now well established in electrical engineering practice. The de facto standard is the PSpice family of programs, formerly offered by MicroSim and, after 1998, as Orcad PSpice by Cadence Design Systems, Inc. Various nonproprietary modules and elements continue in circulation from the Spice development days at U.C. Berkeley and elsewhere. The DOS platform has been supplanted by Windows, but UNIX systems are the norm in industry. Electrical engineering and technology courses, and a variety of texts and trade books are the principal educational vehicles. Single copies and educational site licenses are relatively expensive, and the learning curve to reach proficiency is steep.
Still, some physics instructors and departments may wish to incorporate an introduction to circuit simulation software, for pedagogical and other reasons. Two other packages have achieved a level of acceptance, accessibility, and economy that merit their consideration. Electronics Workbench from Interactive Image Technologies is used in a wide range of educational settings, and is frequently included in published designs and simulations. CircuitMaker from Microcode similarly emphasizes the educational entry path, while providing sophistication and growing interoperabililty. All three vendors offer free demonstration software, and usually a free student version for home use. Instructor and user support are also included for licensees. As might be expected, new versions, releases, and updates preclude the establishment of low-maintenance curricula. 
VIII. VIDEOS
Film and video tape are used in a number of ways within the scope of this Resource Letter. These media probably find their most comprehensive instructional use in the electronics curriculum in vocational and technical schools, and at the secondary school level. A somewhat smaller category is represented by lecture series for electrical engineers at later stages of their educations, and during their careers. Only a few examples from these two categories are cited because of their limited interest and accessibility to physics faculty teaching electronics at the college level. However, in those departments where small staff or enrollments cannot support traditional courses, self-paced instructional materials and accompanying video tapes can offer a workable alternative to the absence of any electronics in the curriculum. The distance-learning mode is encouraging the production of new materials as well.
A limited number of tape productions are available that cover specific applications, technologies, and historical developments. Examples that do so with a combination of depth and breadth that may make them of interest to instructors of electronics courses for college audiences are cited below. Instructors of courses with a Liberal Arts or communications focus will find some of the historical productions particularly relevant and well done. 
